Abstract: A study of 31 temperature-sensitive mutants of mouse cytomegalovirus has indicated that two mutants (tsml, tsm31) may be defective in immediate-early/early functions, two (tsm2, tsm3) may be defective in early functions and six (tsm9, tsml8, tsm22, tsm23, tsm28, tsm30) may be defective in early/late functions while the remainder are late function-defective mutants as determined by temperature-shift experiments. Three mutants (tsml, tsm2, tsm3) were more thermostable than wild-type virus while three (tsml6, tsm26, tsm28) were more thermolabile; the remainder were similar in their thermostability to wild-type virus.
Introduction
Human cytomegalovirus (HCMV) is a ubiquitous virus belonging to the herpes virus group and primary infections of children and adults are usually asymptomatic but result in latent infection. Such latent infections may be reactivated in individuals whose immune system is suppressed by disease or medical therapy [1] resulting in severe or even fatal disease. Also, prenatal transmission often results in severe disturbance of development and disease that may become manifest at birth or subsequently [2] [3] [4] .
To better understand the disease process at the mechanistic and molecular levels, mouse cytomegalovirus (MCMV) in mice has frequently been used since the strict species specificity of the cytomegaloviruses precludes studies in animals with HCMV and because many aspects of the human disease are reproduced in this MCMV mouse model system [1] . As an aid to dissect the molecular mechanisms involved in various aspects of pathogenicity such as latency, reactivation and pneumonitis, we have produced 31 temperaturesensitive (ts) mutants of MCMV. These mutants comprise at least 24 complementation groups and 312 vary in virulence from avirulent (7 mutants), through 2000-85000 (6 mutants), 150-1500 (8 mutants), 12-100 (5 mutants) less virulent than wild-type (wt) virus to similar virulence (5 mutants) to wt virus [5, 6] . A detailed comparison of six mutants (tsml-6) showed differences in their ability to replicate in lung tissue and to cause pneumonitis in 6-week-old immunocompetent and immunosuppressed BALB/c mice, to replicate in the heart and in levels of virus and duration of infection in kidney and salivary glands of 1-weekold BALB/c mice, and to be reactivated in latently infected mice when immunosuppressed with anti-thymocyte serum and cortisone [7] .
In the present communication, we have further characterised these ts mutants by examining their thermal stability at 40°C and analysing by temperature shift whether the temperature-sensitive mutations affected immediate-early, early or late events in their replication cycle.
Materials and Methods
maintenance medium (growth medium but containing 4% newborn bovine serum). The multidishes were incubated in a humid atmosphere in sealed boxes as above at 33°C (permissive temperature) or 40°C (non-permissive temperature) as required. After various times of incubation, samples were removed and stored at -70°C for virus assay.
Temperature shift
Virus was inoculated onto monolayers of MEFs in 24-well multidishes and overlaid with maintenance medium and incubated at 33°C or 40°C as described above. At various times (1, 4, 16, 20, 24, 30, 48, 52, 58, 72 , and 80 h post-infection (p.i.)) dishes were transferred from 33°C to 40°C (shiftup) or from 40°C to 33°C (shift-down) and incubated up to 96 h p.i. at the appropriate temperature (33°C, shift-down; 40°C, shift-up). Culture supernatants were then collected for subsequent assay at 33°C. Controls, where multidishes were maintained at 33°C or 40°C throughout the experiment, were also included.
Virus strains
The 31 ts mutants and the parental wt virus have been described [5, 6] as have their assay in mouse embryo fibroblast (MEF) cells at permissive (33°C) and non-permissive (39°C or 40°C) temperatures [5, 6] .
Thermal stability
4 ml of each virus stock diluted 113 in growth medium (EMEM; Eagle's MEM containing 10% newborn bovine serum, 0.11% sodium bicarbonate, 2 mM c-glutamine, 100 U penicillin per ml and 100 /.~g streptomycin per ml) were placed in the wells of 24 well Nunc multidishes (Gibco) and incubated in a humid atmosphere of 5% CO2/95% air, in sealed boxes completely submerged in a water bath at 40°C. At intervals, samples were removed and stored at -70°C for subsequent titration of virus.
Replication at 33°C and 40°C
Virus was inoculated onto monolayers of MEF cells in 24-well multidishes. After 60 min incubation at 33°C, the cultures were overlaid with
Results

Thermostability
In general, the mutants showed similar stability to wt virus although three mutants (tsml, tsm2 and tsm3) were about 2.5-5.0-fold more thermostable (rate of inactivation 0.03-0.06 logt0 h ~), whereas mutants tsm16, tsm26 and tsm28 were about 2.5-3.0-fold less thermostable (0.34-0.41 log10 h 1) than wt virus. The remaining 25 mutants were < 1.8-fold different to wt virus (0.15 log10 h-0. The thermal inactivation of a representative member of each group is shown in Fig. 1 .
Replication of mutants at 33°C and 40°C
Most of the mutants replicated as well as wt virus at 33°C with infectious virus first being released between 24 and 48 h p.i. and peak titres occurring 96 h p.i. at levels between 106 and l0 s pfu ml i ( was an apparent shortening of the latent period, and with four mutants (tsm9, tsm24, tsm27 and tsm28) no replication occurred at 40°C (Table 1) .
Analysis of temperature-sensitic, e functions of mutant c'iruses
The results quoted in Table 1 are representative of from up to five experiments for each virus. Most of the mutants were affected in late function (Table 1) . For example, with mutant tsmlO (Fig. 3a) , incubation at the non-permissive temperature (40°C) for up to 48 h p.i. prior to transfer (shift-down) to permissive temperature (33°C) had little effect on the resultant virus yield at 96 h p.i. in comparison with control cultures incubated at 33°C for 96 h (Fig. 3a) . The control is equivalent to the 0-h sample in Fig. 3a , where virus was transferred to 33°C at 0 h and incubation was for 96 h at 33°C. However, yields were reduced at least 20-fold and by > 4.0 log]0 by incubation for 52 h and 58 h p.i., respectively, at 40°C prior to temperature shift to 33°C. Little or no virus was detectable 96 h p.i. if cultures were transferred from 40°C to 33°C at subsequent time points or if cultures were incubated at 40°C throughout (Fig. 3a) . Similarly, no virus was detected if cultures were incubated at 33°C for up to 53 h p.i. and subsequently incubated at 40°C 315 ( Fig. 3a) . However, infectious virus was detected at 96 h p.i. after incubation at 33°C for 58 h and subsequent incubation at 40°C and these yields increased on further incubation at 33°C prior to temperature shift (Fig. 3a) . Thus, the temperature-sensitive event occurs about 52-60 h post infection at the time when infectious virus first appears in the supernatant of cultures incubated at 33°C throughout (see Table 1 ), suggesting a late function is defective. In contrast, with mutant tsml, incubation at 40°C for as little as 4 h prior to temperature shift to 33°C, reduced virus yields 96 h p.i. by about 1 log10 and incubation at 40°C for 20 h prior to shift-down reduced yields by 1.5 lOgl0 ( Fig. 3b ; Table 1 ). Similarly, incubation at 33°C for as little as 4 h prior to shift-up enhanced yields at 96 h p.i. compared to cultures incubated at 40°C throughout ( Fig. 3b; Table 1 ). Thus, the temperature-sensitive event with this mutant occurred at early times, well before infectious virus is released into the culture medium of cells incubated at 33°C throughout (see Table 1 ).
Similar experiments with wt virus showed a gradual depression of virus yields under shiftdown conditions and a gradual increase on shiftup (Fig. 3c, Table 1) .
Four of the mutants were categorised as E/L function mutants since the shift-up and shift-down data were discrepant, but mutants tsm9 and tsm30 were classified as E/L because the defective function occurred late in the replication cycle but before infectious virus would be released if cells were incubated at 33°C throughout.
Discussion
One of the principal motives for investigating ts mutants is the hope that each complementation group will correspond to a specific biochemical defect in the sequence of infection, the identification of which will lead to a more precise understanding of discrete events in viral multiplication. We have shown previously that the 31 mutants studied in the present work may be categorised into at least 24 complementation groups [6] but the defective function of each mutant was 316 unknown. In this communication we present evidence from temperature-shift experiments to indicate that ten of the 31 mutants may have defects in immediate-early or early functions, whereas the remainder appear to be defective in late functions.
Herpes viruses undergo a sequential order of gene expression [8] . The first period of transcription called immediate-early (IE) follows virus entry into the host cell. It is independent of de novo viral protein synthesis and hence occurs in the presence of protein synthesis inhibitors such as cycloheximide. A second early (E) phase follows and the expression of these genes is dependent upon the prior expression of one or more IE genes. During the third late (L) phase, which begins with the onset of viral DNA replication, viral structural proteins are synthesised and the expression of these L genes is determined by the activation of L gene promotors by E gene products. E gene products are also involved in viral DNA replication, while L proteins are involved in formation of mature viral particles. In addition, some late virion tegument proteins may act to switch on expression of IE genes when virions enter cells. It is for these reasons that the present temperature-shift experiments do not indicate whether the mutants are defective in individual IE, E or L gene expression or function but rather in the time of occurrence during the replication cycle in which the defect is expressed.
Whether these defects arise from an inability to synthesise the protein at the non-permissive temperature or from a lack of function remains to be determined, but it is possible to speculate with some mutants at this stage. Two of the three thermolabile viruses, tsm16 and tsm26, are late function mutants, suggesting that the defective proteins may be conformationally unfavourable at the non-permissive temperature. These viruses produce few infectious virus particles at 40°C. Mutant tsm28 was also more thermolabile than wt virus, yet appears to be defective in an early gene function. This may be a multiple mutant or a mutant defective in the stability and hence function rather than synthesis of a late protein involved in early events of subsequent cycles of replication.
It is not possible to speculate about the other mutants, since they have similar thermostability to wt virus except that mutants tsmlO and tsml4 again may be double mutants since the inactivation curves were non-linear and biphasic.
These 31 mutants have been previously categorised into at least 24 complementation groups [6] and it is interesting that mutants tsm3 and tsm31 of complementation group III are both IE/E function mutants, while mutants tsm27 and tsm30, both in group XXII, are E/L or L function mutants. Also, seven of the mutants failed to' replicate in the salivary glands of mice [6] and four of these (tsm9, tsrn22, tsm28 and tsm30)
were E/L function mutants, while the remaining three (tsm5, tsml3 and tsm20) were L function mutants. This suggests that the products of at least two genes may be required for replication in vivo but not in tissue culture. Current experiments are underway to confirm these observations using marker rescue techniques with cloned MCMV DNA.
